An idealized signal, consisting of a noise-free, single-frequency infiniteduration input, is theoretically applied to the Yellowknife seismic array. A comparison of the output responses resulting from three possible signal processing techniques, viz. cross-correlation, sumall-squared, and multiple correlation, indicates that cross-correlation is the preferred technique for determining the azimuth and velocity of arrival of the incident seismic energy.
Introduction
Several years ago, the United Kingdom Atomic Energy Authority initiated a project to investigate the properties of seismometer arrays, as well as possible signal processing methods, in support of the Geneva disarmament conference (Birtill & Whiteway, unpubl., Thirlaway 1963) .
In cooperation with the Seismological Division of the Observatories Branch, Department of Mines and Technical Surveys, Ottawa, the U.K.A.E.A. installed a 19-seismometer array at Yellowknife, Northwest Territories, Canada, in 1962. The array design is shown in Fig. 1 . No vault is displaced by more than 200ft from its theoretical position. The Yellowknife array was designed as an asymmetrical cross since this pattern is believed to give sharper azimuth discrimination than a symmetrical cross.
Until adequate data processing facilities are available, the real signals from the array cannot be studied at Ottawa. For this reason, the three possible signal processing techniques described in the present paper are applied to a hypothetical, noise-free, single-frequency, infinite-duration signal as input. The purpose is to study the azimuth and velocity resolution of the array design. Signal processing techniques (Backus et al. 1964 , Burg 1964 , Ryall 1964 ) in the present application may be considered to have one of two main purposes: to generate an output signal with improved characteristics, such as signal/noise ratio, or to enable the determination of azimuth and velocity of arrival of the seismic signal. In general, and especially with larger arrays such as that at Yellowknife, the latter objective must be achieved first, in order to determine the time shifts which must be applied to the individual seismometer signals before their combination to generate an improved output signal.
We will be concerned here with arrival azimuth and velocity determination only. 
Tuning
Let an infinite-duration sinewave seismic signal be incident on an array of seismometers. From Fig. 2 , the propagation delay of the signal as received at seismometer number k, with respect to a given reference point, is During signal processing, each signal is delayed in an attempt to remove the phase shifts introduced by propagation across the array. These tuning delays, assuming that a propagation velocity U and a signal azimuth jl are chosen, are
The resulting delays of the tuned signals are the difference of z k and vk, giving a phase shift for the processed signal from seismometer number k of
[ U where 1 is the wavelength of the incident seismic signal.
signal from seismometer number k is given by
Taking the signal at the reference point (unprocessed) to be cos cot, the processed
2.3. Cross-correlation For seismometer arrays which divide naturally into two sub-arrays (in the case of Yellowknife, the two lines of seismometers) an obvious processing technique is the cross-correlation of the sub-array signals, defined as the smoothed crossproduct of the summed processed (i.e. tuned or time-shifted) signals from each sub-array ; that is, and therefore , it is obvious that the outputs resulting from these three signal processing techniques are unchanged when both the true signal azimuth and the tuning signal azimuth are changed by 180°, that is, whether they are regarded as toward or away from any given directions.
Yellowknife array

General
The Yellowknife seismometer array, as shown in Fig. 1 , consists of two orthogonal linear sub-arrays of ten seismometers each, with one seismometer common to both sub-arrays. Thus all three of the processing techniques described above are applicable. 
Azimuth response curves
Figs. 3 4 display cross-correlation (top row of curves in each figure), sumallsquared (middle row), and multiple correlation (bottom row) as normalized functions of the true azimuth of arrival of a 1 c/s infinite-duration seismic signal, for selected propagation velocities and tuned azimuths. The true and tuned velocities are equal in all cases. These velocities are 10 (left-hand column of curves in each figure) , 15 (middle column), and 20 kmJs (right-hand column), corresponding to epicentral distance of about 20°, 54O, and 78" respectively for P waves. The tuned directions are N (Fig. 3) , W (Fig. 4), NE (Fig. 5) and NW (Fig. 6) . Table 1 below lists the main lobe beamwidths in degrees at the 0.7 correlation level, as read from the original response curves. It is obvious that defining the main lobe beamwidths in this way, multiple correlation is a superior signal processing technique to cross-correlation, and the latter is superior to sumall-squared. The above values are the widths of the main lobe in degrees at the 0.7 correlation level. Considering cross-correlation only, at the 0.95 correlation level the average beamwidth for all twelve curves is f $". Table 2 lists the maximum sidelobe amplitude. Cross-correlation leads to noticeably smaller-amplitude sidelobes than does the sumall-squared method, and the latter is much superior to multiple correlation.
Velocity response curves
Figs. 7-10 display cross-correlation, sumall-squared, and multiple correlation as normalized functions of the true velocity of arrival of a 1 c/s sinewave seismic signal, for selected azimuths and tuned velocities. The true and tuned azimuths are equal in all cases.
Tables 3 and 4 list the main lobe beamwidths and maximum sidelobe amplitudes, respectively, at the 0.7 correlation level. It is apparent that multiple correlation leads to the narrowest beamwidths, followed by cross-correlation and sumall The above values are the widths of the main lobe in km/s at the 0.7 correlation level. Considering cross-correlation only, at the 0.95 correlation level the average beamwidth for all twelve curves is 10%. squared in that order, while cross-correlation gives the lowest sidelobe amplitudes, followed by sumall squared and multiple correlation in that order. of a processing technique to optimize the azimuth selectivity in effect results in optimum selectivity of the seismic array. Assigning equal weight to the two criteria considered, in each case, and assigning scores of 1 (poorest), 2 (intermediate), and 3 (best), the total scores applicable to the three processing techniques considered are as follows :
Choice of processing technique
Cross-correlation 10 Multiple correlation 8 Sumall-squared 6
This suggests that the choice for initial real signal analysis is between crosscorrelation and multiple correlation. A brief consideration of realization techniques indicates that on an analog computer cross-correlation uses more adders and fewer multipliers, whilst on a digital computer cross-correlation requires more additions and fewer multiplications. Since adders are cheaper than multipliers on an analog computer, while additions are much faster than multiplications on a digital computer, it can be concluded that cross-correlation is the preferred signal processing technique for determining the signal azimuth and phase velocity with the Yellowknife seismic array.
Conclusion
General formulae for three signal processing techniques have been derived, and applied to the seismometer array installed at Yellowknife. Inspection and analysis of the resulting response curves indicates that cross-correlation is the preferred technique for determining the azimuth and velocity of arrival of the incident seismic energy. Further tests will be made with actual data when processing machinery becomes available.
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